Computational comparative techniques were applied to analysis of the aromatic amino acid regulon in Gram-positive bacteria. A new candidate transcription regulation signal of 3-deoxy-D-arabino-heptulosonate-7-phosphate synthase and shikimate kinase genes was identified in Streptococcus and Lactococcus species. New T-boxes were found upstream of aromatic amino acid biosynthesis and transport genes in the Bacillus/Clostridium group. The substrate specificity of proteins from the PabA/TrpG family was assigned based on metabolic reconstruction and analysis of regulatory signals and phylogenetic patterns. New candidate tryptophan transporters were identified; their specificity was predicted by analysis of T-box regulatory sites. Comparison of all available genomes shows that regulation of genes of the aromatic amino acid biosynthesis pathway is quite labile and involves at least four regulatory systems, two at the DNA level and two more involving competition of alternative RNA secondary structures for transcription and/or translation regulation at the RNA level.
Introduction
Biosynthesis of aromatic amino acids is similar in Gram-positive and Gram-negative bacteria. It starts with the common pathway leading from phosphoenolpyruvate and erythrose 4-phosphate through 3-deoxy-D-arabinoheptulosonate-7-phosphate (DAHP) and shikimate to chorismic acid. Then the pathway divides into the terminal pathways, speci¢c for each aromatic amino acid (Fig. 1 , see [1] for a review). The only step that is performed by non-homologous enzymes in Escherichia coli and Bacillus subtilis is the ¢rst reaction of converting phosphoenolpyruvate and erythrose 4-phosphate to DAHP, which is catalyzed by three paralogous DAHP synthases in E. coli (AroF, AroG, AroH), and by a non-homologous DAHP synthase AroA in B. subtilis.
Although a signi¢cant number of aromatic amino acid transporters are known in Gram-negative bacteria, including AroP (general aromatic amino acid permease), Mtr (tryptophan transporter), TyrP (tyrosine transporter) and PheP (phenylalanine transporter) in E. coli [1] , no transport proteins for aromatic amino acids were known in Gram-positive bacteria until recently a candidate tryptophan transporter YhaG was identi¢ed in B. subtilis [2] . The speci¢city of this transporter was established indirectly, by the discovery of yhaG regulation by TRAP, a Trp-dependent regulator of tryptophan biosynthesis in B. subtilis [2] .
In Gram-negative bacteria, the biosynthesis of aromatic amino acids is regulated at both the DNA and RNA levels. TrpR and TyrR are two transcriptional repressors of this pathway known in E. coli [3, 4] . At the RNA level, the trpEDCBA operon, encoding enzymes for the tryptophan terminal pathway, and the pheA gene, encoding choris-mate mutase/prephenate dehydratase, are regulated by attenuation in E. coli [5^7] . In Gram-positive bacteria, no transcriptional regulation of aromatic amino acid biosynthesis has yet been experimentally discovered. However, phylogenetically conserved elements (PCEs) were recently identi¢ed upstream of aroA genes in B. subtilis (ACT-TAAAAGCGTT) and Bacillus halodurans (ACTTAAAAGCGTc) and upstream of aroF genes in B. subtilis (ACTTAAAAGCGTT) and Bacillus stearothermophilus (ACTTAAAcGCGTT) [8] . These elements might play a role in the transcriptional regulation of aromatic amino acid biosynthesis in Bacillus species. The RNA regulation of this pathway in Gram-positive bacteria involves the trp RNA binding attenuation protein, TRAP [9] , and the T-box antitermination mechanism [10] . In B. subtilis, TRAP plays the central role in controlling tryptophan metabolism [9] . It is responsible for binding to the mRNA leader or intercistronic regions in the presence of high levels of tryptophan. In the case of the trp operon, TRAP binding results in the termination conformation of the leader transcript, which leads to premature termination of transcription. In other cases TRAP is responsible for regulation of translation either by promoting formation of an RNA secondary structure that sequesters the Shine^Dalgarno (SD) sequence (trpE) or by binding to the RNA region overlapping the SD sequence (trpG, ycbK, yhaG). In Lactococcus lactis, the trp operon is regulated by the T-box antitermination mechanism, which is widely distributed in Gram-positive bacteria. T-box antitermination involves binding of uncharged tRNA to the RNA secondary structure (T-box) and promoting formation of antiterminator. The major role in regulation is played by the T-box 'speci¢er codon', which interacts with the anticodon of an uncharged tRNA. As the position of this regulatory codon in the T-box structure is ¢xed, one can predict the speci¢city of the regulatory signal [10] .
Previously, we applied the comparative genomics approach to analysis of DNA and RNA level regulation of aromatic amino acid biosynthesis in Q-proteobacteria [11] . Here we apply the same approach to analysis of regulatory patterns involved in this pathway in Gram-positive bacteria including Bacillus, Clostridium, Streptococcus, Enterococcus, Lactococcus, Staphylococcus, Listeria and Desul¢-tobacterium spp. We describe the interchange of di¡erent types of DNA and RNA regulation of similar genes in various species. We suggest a new type of transcriptional regulation of DAHP synthase and shikimate kinase genes in Streptococcus/Lactococcus species and a new candidate tryptophan transporter in Streptococcus, Lactococcus, Enterococcus and Desul¢tobacterium species.
Data and methods

Sequence data
Complete genome sequences of B. subtilis, B. halodurans, Streptococcus pneumoniae, L. lactis, Streptococcus pyogenes, Clostridium acetobutylicum, Staphylococcus aureus, and Listeria monocytogenes were downloaded from GenBank (http://www.ncbi.nlm.nih.gov). Partially sequenced genomes of B. stearothermophilus, Streptococcus mutans, Enterococcus faecalis, Clostridium di⁄cile and Desul¢tobacterium hafniense were extracted from the ERGO database (http://wit.mcs.anl.gov/WIT2/). The partially sequenced genome of Enterococcus faecium was obtained from the DOE Joint Genome Institute (http://www.jgi. doe.gov); the partially sequenced genome of Bacillus anthracis was obtained from The Institute for Genomic Research (http://www.tigr.org). The gene names in un¢nished genomes were assigned based on the names of orthologous genes in related species.
FASTA sequences of all proteins with new or revised names are available from the authors.
Identi¢cation of regulatory signals
At the ¢rst step, groups of genes are formed that may contain a common regulatory element in their upstream regions. Generally, either these genes belong to one genome and are expected to be co-regulated due to experimental data or their function in the common pathway, or they are orthologs in closely related species. Here we use a combination of these two approaches, compiling samples of functionally related genes represented by orthologs and paralogs in several genomes. The ¢rst sample was constructed based on the PCEs upstream of aroA genes in B. subtilis and B. halodurans, and upstream of aroF genes in B. subtilis and B. stearothermophilus, initially identi¢ed in [8] . For the second sample we extracted the upstream regions of two paralogous DAHP synthase genes from L. lactis (aroF, aroH) and the upstream regions of the operons encoding DAHP synthases from S. pneumoniae (SP1701-SP1700, referred here to as aroG1-aroG2) and S. mutans (seqA-aroG1-aroG2).
At the next step, a recognition rule was generated. If some regulatory sites had already been identi¢ed in experiment, a pro¢le was constructed using the alignment of these known sites. If there were no known sites, an iterative procedure was performed in order to construct a pro¢le. All L-mer words were selected in each upstream region. Each word was compared to all words in other regions, and one word, closest to the initial one, was selected in each region. These words were used to construct a pro¢le. Thus we obtain as many pro¢les as there were words in the sample. Positional nucleotide weights in the pro¢le were de¢ned as: The score of a candidate site was calculated as the sum of the respective positional nucleotide weights:
The obtained pro¢les were used to scan the set of words again, and the procedure was iterated until convergence. Then the best pro¢le was selected to be used as the recognition rule. The quality of a pro¢le was de¢ned as its information content [12] :
where f(i,k) is the frequency of nucleotide i at alignment position k. Construction of a pro¢le for an unknown signal requires specifying the site length L. In this study we considered L = 10, 11, 12, 13, 14, 15, 20, 21, 25, 30 . The highest informational content per position was obtained for L = 14 (data for Lg14 are not shown).
Finally, the constructed pro¢le was used to scan genomic sequences, which resulted in identi¢cation of candidate sites. A site upstream of a gene was accepted as a putative regulatory element if similar sites appeared upstream of orthologous genes in several analyzed genomes with signi¢cant Z scores.
The RNApattern program [13] was used to search for candidate T-boxes. The input pattern combined secondary structure and consensus sequence motifs. Each RNA secondary structure element was described by a set of the following parameters : the number of helices, the interval of accepted lengths for each helix, allowed loop lengths and description of the topology of helix pairs. The pattern for T-boxes was constructed using a training set of 10 known T-box structures from B. subtilis, Lactococcus spp. and S. aureus. [10, 14, 15] . The T-box pattern was used to scan each genome from the database. The pattern was absolutely speci¢c: no candidate T-boxes were found upstream of genes not related to the amino acid functional systems and the T-boxes upstream of aromatic amino acid genes had appropriate speci¢er codons.
Software
Signal identi¢cation and construction of recognition pro¢les was performed using the SIGNALX program [16] . T-box RNA structures were found by the RNApattern program [13] . Genomic analyses (protein similarity searches using the Smith^Waterman algorithm, analysis of orthology, identi¢cation of candidate sites in genomic sequences) were done using GenomeExplorer [16] . Multiple protein alignments were constructed using CLUSTAL [17] . Phylogenetic trees were constructed using the PHY-LIP package programs [18] . Transmembrane segments in proteins were predicted by TMPRED (http://www.ch. embnet.org/software/TMPRED_form.html).
Results
The pathway: genes and operons
The backbone of the aromatic amino acid biosynthesis pathway is conserved in most bacterial species, but some steps vary within the analyzed group. First, the complete genomes of S. pyogenes and E. faecalis lack the genes for the terminal tryptophan pathway. Second, in the S. pyogenes genome there are no homologs of the B. subtilis genes pheA and tyrA from the terminal phenylalanine and tyrosine pathways, respectively. Third, in the genomes of S. pneumoniae, S. mutans and L. lactis there are no homologs of the B. subtilis gene aroA whose product catalyzes the ¢rst step of the common pathway (DAHP synthesis). However, in each of these three genomes there are two genes homologous to DAHP synthases from Gramnegative bacteria (Table 1) . Finally, in B. anthracis and D. hafniense there is a homolog of the phhA gene, whose product phenylalanine 4-hydroxylase catalyzes conversion of phenylalanine to tyrosine.
The predicted operon structure of aromatic amino acid biosynthesis genes varies signi¢cantly within the studied group of genomes ( Table 1 ). The only conserved feature is the trp operon encoding enzymes for the tryptophan terminal pathway, which is absent or present as a whole in each genome. In B. subtilis, B. halodurans and B. stearothermophilus, this candidate operon is a part of a larger locus containing other aro genes: aroF-aroB-aroHtrpEDCFBA-tyrA-hisC-aroE. The operon structure in B.
anthracis di¡ers from that in other bacilli: the trp operon lies separately, and the remaining genes form two more loci: aroF1-aroB-hisC1 and aroA-aroF2-hisC2-tyrA-aroE, where aroF1,2 and hisC1,2 denote pairs of paralogs (aroF2 and hisC2 display less identity to aroF and hisC from B. subtilis than aroF1 and hisC1 do, respectively). In S. pneumoniae, S. mutans and L. lactis, the trp operon is also isolated. In S. pneumoniae and S. mutans, there is one more large locus with aro genes: aroC-aroD-aroB-aroFtyrA-yheA-aroE-aroI-pheA (the gene names are as in B. subtilis). In L. lactis, several outsider genes are inserted into this gene cluster. Pairs of DAHP synthase genes in S. pneumoniae, S. mutans and L. lactis, homologous to DAHP synthases from Gram-negative rather than Grampositive bacteria, form candidate operons in S. pneumoniae and S. mutans, but are located separately in the genome of L. lactis. Large aro gene loci are also present in the genomes of E. faecalis (aroD-aroA-aroB-aroF-tyrA-aroE- B (T-tyr) aroA^(T-tyr) aroF2-hisC2-tyrA-aroE; aroF1-aroB-hisC1; (T-trp) (T-trp) trpE-pabA2-trpD-trpC-trpFtrpB-trpA; (T-tyr) (T-tyr) phhA ; pabA1 ; aspB ; aroD; pheA T ( T-tyr) yheLðZCÞ; (T-trp) sdt1 Streptococcus pneumoniae B ywbD-aroC-aroD-aroB-aroF-tyrA-yheA^aroE-(ARO)-aroI-pheA-psr; (ARO) aroG1*-aroG2*; (T-trp) trpE-pabAtrpD-trpC-trpF-trpB-trpA ; aspB T ( T-trp) trpXYZ Streptococcus mutans B ywbD-aroC-aroD-aroB-aroF-tyrA-yheA^aroE-(ARO)-aroI-pheA-psr (ARO)-seqA-aroG1*-aroG2*; (T) trpE-trpFtrpD-trpC-pabA-trpB-trpA; aspB; hisC T trpXYZ Lactococcus lactis B aroC; aroD-aroB ; aroF; tyrA; aroE-(ARO)-aroI-pheA ; (ARO) aroG*; (ARO) aroG* (T-box) trpE-pabA2-trpDtrpC-trpF-trpB-trpAaspB ; hisC; aroF; pabA1 T( ? ) Streptococcus pyogenes B ywbD-aroC-aroF; aroE-aroI; aroD-ycgJ-s 6 -aroB-aroA; aspB; pabA T trpX-geneX-trpYZ Enterococcus faecalis B aroD-aroA-aroB-aroF-tyrA-aroE-aroI-pheA^psr ; aspB; aroC T ( T-tyr) yheL; trpXYZ Clostridium acetobutylicum B aroA1-tyrA-aroB-aroE-aroF-aroD-aroI-yqhS ; (T-trp) trpE-pabA-trpD-trpC-trpF-trpB-trpA ; aspB; hisC; pheA; aroA2 ; pheB T ( T-trp) yhaG Clostridium di⁄cile B aroA1^aroB-aroE-aroF-pheA-aroD1-aroI^tyrA aspB; pabA; aroC ; hisC; aroA2 ; aroD2 T ( T-trp) yhaG Staphylococcus aureus aroF-aroB-aroE-tyrA-aroB-aroE-aroF-aroD-aroI-yqhS; (T-trp) trpE-pabA-trpD-trpC-trpF-trpB-trpA-s 6 -tyrA hisC; pheA; pabA2 ; aroI; pheB; aroC; aroA; aroD; tyrA T( ? ) Listeria monocytogenes B aroF-aroB-aroH-hisC-tyrA-aroE ; (T-trp)(T-trp) trpE-pabA-trpD-trpC-trpF-trpB-trpA ; aroD-aroC; pheA; aroI; aroA T( ? ) Desul¢tobacterium hafniense B aroA1-tyrA-aroE; aroL*-aroB; (T-trp) trpC-trpF-trpD-trpB-trpA-trpE-pabA; aroI; hisC; aroD; (T-phe) pheA; aroA2 ; aroG*; phhA T ( T-trp) trpX1½ ; (T-trp) trpX2Y2½
Genes forming one candidate operon (with spacer less than 100 bp) are separated by dashes '-'. Larger spacers between genes are marked by '^'. Operons from di¡erent loci, if shown in one column, are separated by a semicolon ' ;'. Known and predicted regulatory elements (PCE, TRAP, T-trp, T-tyr and T-phe) are shown in light and bold fonts, respectively. The latter three regulatory elements stand for tryptophan-, tyrosine-and phenylalanine-speci¢c T-boxes, respectively. ARO stand for a new DNA regulatory signal (Table 2) . Genes with closest homologs in Q-proteobacteria rather than in the Bacillus/Clostridium group are marked by asterisks (*). Paralogs are numbered (e.g. aroA1, aroA2) by decreasing similarity to the respective B. subtilis genes. Gene names in all genomes are given based on orthologous genes in B. subtilis, with the exception of genes marked by the asterisks, which are named after respective E. coli genes. Designations in the 'Function' column are as follows: 'B'^biosynthetic genes, 'T'^transporter genes. Transporter genes are underlined.
aroI-pheA), C. acetobutylicum (aroA1-tyrA-aroB-aroEaroF-aroD-aroI), C. di⁄cile (aroA1-aroB-aroE-aroF-pheAaroD1-aroI-tyrA), and L. monocytogenes (aroF-aroB-aroHhisC-tyrA-aroE).
Two genes were found in aromatic amino acid operons in Streptococcus spp.: ywbD (SP1378) and psr (SP1368) ( Table 1 ). As they co-localize with aromatic amino acid genes in several genomes, their function may be somehow linked to the aromatic amino acid metabolism.
TrpG/PabA: assignment of speci¢city
Anthranylate synthase component II (TrpG), which catalyzes conversion of chorismate into anthranylate (the tryptophan terminal pathway), and p-aminobenzoate synthase component I (PabA), which catalyzes conversion of chorismate into 4-amino-4-deoxy-chorismate (the folate biosynthesis pathway) [19] , are encoded either by two paralogous genes, as in E. coli, or by one bi-functional gene, as in B. subtilis. The orthology relationships between members of the TrpG/PabA family can hardly be resolved by protein similarity analysis alone. The scheme of the folate biosynthesis and the step catalyzed by PabA are shown in Fig. 1 .
We analyzed the functional speci¢city of the TrpG/ PabA family members in the Bacillus/Clostridium group using positional analysis. We found that E. faecalis lacks members of this family; the Bacillus, Streptococcus, and Clostridium genomes, excluding only B. anthracis, each contain one copy of the trpG/pabA genes, whereas L. lactis, L. monocytogenes, S. aureus, B. anthracis, and D. hafniense each have two paralogous genes. Moreover, out of two paralogs, one always lies within the trp operon, while the other co-localizes with the pab operon (Fig. 2) . This suggests that the ¢rst class of paralogous genes (trpG (LL), trpG (LM), trpG (SA), trpG (BQ, DH), see appendix) is speci¢c for tryptophan biosynthesis, whereas the second class of paralogs (pabA (LL), SAV0700, lmo2749, pabA (DH)) is speci¢c for folate biosynthesis.
A phylogenetic tree of all members of the TrpG/PabA family from the analyzed genomes was constructed (Fig.  2) . We found that the single member of this family from C. acetobutylicum is localized in the trp operon in the genome and clustered with the tryptophan-speci¢c paralog from B. anthracis in the tree. Besides, C. acetobutylicum lacks other pab genes. Thus, we propose tryptophan-related speci¢city rather than bi-functionality for this single protein. A similar situation was observed in C. di⁄cile : it has a single gene, positioned in the pab operon, and clustered with folate-speci¢c paralogs in the tree. Thus, we propose folate speci¢city for the protein from C. di⁄cile. The un¢nished genome of C. di⁄cile lacks the trp operon. We expect that if this operon exists in the unsequenced portion of the genome, there should be one more, tryptophan-speci¢c member of the TrpG/PabA family.
The complete genome of S. pyogenes lacks the tryptophan terminal pathway, and it has only one representative of the TrpG/PabA family, which is positioned within the pab operon. Thus we suggest that it is folate-speci¢c. In contrast, the complete genome of S. pneumoniae and the partial genome of S. mutans lack pab operons, and they have one representative of the TrpG/PabA family each, both positioned in the trp operons. Thus we suggest that they are tryptophan-speci¢c.
DNA level regulation: new candidate signals
Pairs of DAHP synthase genes of S. pneumoniae, S. mutans and L. lactis, encoding proteins homologous to DAHP synthases (AroA) from Gram-negative bacteria, form gene clusters in S. pneumoniae and S. mutans, but are located separately in L. lactis. We found a conserved 14-bp sequence ATGGAGGCANATAA upstream of the DAHP synthase operons in S. pneumoniae and S. mutans, and upstream of both DAHP synthase genes in L. lactis. Moreover, a similar sequence was found in the upstream regions of the shikimate kinase genes (aroI) in all three species (Table 2) . Notably, the reactions catalyzed by shikimate kinase and DAHP synthase are the only two irreversible steps within the common pathway of the biosynthesis of aromatic amino acids, and only these genes of the common pathway are regulated at the transcriptional level in Q-proteobacteria. Thus, we propose that the new conserved signal sequence plays a role in transcriptional regulation of the DAHP synthase and shikimate kinase genes in the genomes of Streptococcus and L. lactis.
We also constructed a pro¢le based on the PCEs described in [8] . Using this pro¢le we found a new candidate site ACTTAAccaCGTT upstream of the aroF gene in B. halodurans.
RNA level regulation
A number of new candidate T-boxes were found upstream of genes involved in aromatic amino acid biosynthesis (Fig. 3) . Expression of the aroF and aroA genes is predicted to be regulated at the DNA level in B. subtilis, B. halodurans, and B. stearothermophilus (see above). In contrast, tyrosine-speci¢c T-boxes were found upstream of these genes in B. anthracis (Table 1 ). The aroA-aroFhisC-tyrA-aroE locus in B. anthracis appears to be strictly regulated by the T-box antitermination mechanism, as two possible tyrosine-speci¢c T-boxes are located upstream of the aroA gene and one more tyrosine-speci¢c T-box is located upstream of the aroF gene. The aroF gene in E. coli is known to be regulated by the tyrosine-speci¢c repressor TyrR [4] . Finally, a tyrosine-speci¢c T-box was observed in B. anthracis upstream of the phhA gene. PhhA catalyzes conversion of phenylalanine to tyrosine (Fig. 1) and the phhA gene is possibly regulated by tyrosine via the T-box antitermination mechanism in this bacterium.
The trp operons are known to be regulated at the RNA level by two di¡erent mechanisms, TRAP-mediated repression in B. subtilis [9] and T-box antitermination in L. lactis [14] . Additional candidate TRAP binding sites were found upstream of the trp operons and the trpG genes in B. halodurans and B. stearothermophilus (Fig.  4) . Tryptophan-speci¢c T-boxes were found upstream of the trp operons in B. anthracis, S. pneumoniae, S. mutans, L. lactis, C. acetobutylicum, S. aureus, and L. monocytogenes. Thus, TRAP-mediated regulation was observed only in three Bacillus species, B. subtilis [9] , B. halodurans, and B. stearothermophilus (this study), whereas in other Gram-positive bacteria, including B. anthracis, only the T-box antitermination mechanism was detected. Moreover, the mtrB gene, which encodes subunits of TRAP, is present only in these three Bacillus genomes. Interestingly, B. anthracis has at least twice as many T-boxes as other Gram-positive bacteria (A. Vitreschak, unpublished). We also observed a phenylalanine-speci¢c T-box site upstream of the pheA gene in D. hafniense.
New candidate transporters of aromatic amino acids
The only known tryptophan transporter in the Bacillus/ Clostridium group is YhaG of B. subtilis, whose translation is regulated by the TRAP protein. We found orthologs of the yhaG gene in B. stearothermophilus, C. acetobutylicum and C. di⁄cile. No homologs of yhaG were observed in the genomes of E. faecalis and S. pyogenes that lack the tryptophan biosynthesis pathway, and thus should transport tryptophan from the environment. We identi¢ed tryptophan-speci¢c T-boxes upstream of the yhaG orthologs in both Clostridium species; in B. stearothermophilus the upstream region of this gene is unavailable. Thus, yhaG is regulated in B. subtilis and Clostridium Position is given relative to the translation start site. Paralogous aroG genes are numbered for convenience.
at the RNA level by two di¡erent mechanisms, tryptophan-mediated TRAP repression and tryptophan-speci¢c T-box antitermination, respectively. Analyzing the predicted T-box regulatory sites and positional gene clustering we identi¢ed a new candidate tryptophan ABC transporter, named trpXYZ, in the genomes of S. pneumoniae, S. mutans, S. pyogenes, S. equi, E. faecalis, E. faecium, B. stearothermophilus, D. hafniense, B. cepacia, and M. loti (the latter two are K-proteobacteria). The genes in the S. pneumoniae genome are SP1069, SP1070, SP1071. Fig. 5 shows the phylogenetic tree of the substrate binding components of this transporter from all available genomes. D. hafniense has three trpXYZ paralogs, and two of them have tryptophan-speci¢c T-boxes in the upstream regions. Additionally, trpXYZ is preceded by a tryptophan-speci¢c T-box in S. pneumoniae. Moreover, trpXYZ is located in one candidate operon with the ortholog of the kynU gene in M. loti. kynU encodes L-kynurenine hydrolase, which catalyzes conversion of L-kynurenine into anthranylate (Fig. 1) . Thus co-induction of the trpXYZ-kynU operon in tryptophan-depleted conditions leads to the transport of tryptophan from the medium and the concurrent accumulation of anthranylate, a tryptophan biosynthetic precursor. Additionally, trpXYZ is co-localized with the aroD gene in E. faecium. These pieces of evidence allow us to ascribe tryptophan speci¢c-ity to all but one major clades of the trpXYZ family members on the phylogenetic tree (Fig. 5) . Note that this assignment ¢lls the above-mentioned gap in the E. faecalis and S. pyogenes metabolic maps.
We identi¢ed another candidate tryptophan transporter in B. anthracis. Four members of the sodium transporter family (homologous to yocR and yhdH in B. subtilis) are present in this bacterium and two of them are regulated by the T-box antitermination mechanism. We assigned specificities based on the T-box regulatory elements. We predict that one of these genes, named here sdt1, encodes a tryptophan-speci¢c transporter, and the other gene, sdt2, is serine-speci¢c. Homologous genes of this transporter family were identi¢ed in the genomes of B. subtilis, B. halodurans, B. anthracis, S. aureus, L. monocytogenes and S. pneumoniae. Additionally, a homologous transporter in Haemophilus ducrei forms an operon with genes of the tryptophan biosynthesis.
The ycz-ycbK operon of B. subtilis is known to be regulated by TRAP-mediated repression and tryptophan-speci¢c T-box antitermination [20] . A TRAP site and a tryptophan-speci¢c T-box are located in the intergenic region of the yczA-ycbK operon and in the leader region of the yczA gene respectively. The yczA gene is known to encode the anti-TRAP protein, an inhibitor of TRAP activity [20] , but the function of YcbK is unknown. As this protein has a predicted 10 transmembrane segments and the gene ycbK is likely regulated by tryptophan, YcbK can be involved in transport of tryptophan or tryptophan-related compounds. 
Discussion
Evolution of the PabA/TrpG protein family
Enzymes of the PabA/TrpG protein family are present in one or two copies per genome. The single-copy proteins in the Bacillus spp. are bi-functional. One could suggest that originally there existed a bi-functional protein, which had been independently duplicated in B. anthracis, L. lactis, L. monocytogenes, S. aureus, and D. hafniense. However, our analysis demonstrates that the only copy of the enzyme in the genomes of C. acetobutylicum, S. pyogenes, and S. pneumoniae is likely mono-functional (either folateor tryptophan-speci¢c). Thus, the assumption of universally distributed bi-functionality would require too many independent duplication and loss-of-function events. The most parsimonious scenario of the evolution of the PabA/ TrpG family seems to be as follows. Initially there were two enzymes of the TrpG/PabA family, one belonging to the tryptophan biosynthesis pathway, and the other belonging to the folate pathway. The corresponding genes were co-localized with other genes of the respective pathways. This situation is still conserved in the genomes of B. anthracis, L. lactis, L. monocytogenes, S. aureus, and D. hafniense. However, some species have eliminated one of the pathways (e.g. C. acetobutylicum, S. pyogenes, S. pneumoniae) as well as the corresponding TrpG/PabA protein. E. faecalis has eliminated both pathways, and accordingly, it has no representatives of this family. At the time of the B. subtilis-B. halodurans branch formation, the trpG gene was lost from the trp operon, and the remaining PabA protein encoded in the pab operon acquired additional function in tryptophan biosynthesis, thus becoming bi-functional. Simultaneously, the pabA gene acquired the TRAP-dependent regulation of translation. In these genomes pabA is the second gene in the pab operon, thus the tryptophan-dependent regulation is 'wedged' inside the folate biosynthesis operon. We propose that TRAP bound to the upstream region of pabA blocks de novo initiation of pabA translation, whereas it does not prevent the ribosomal re-initiation at the pabA start codon, as the ribosome coming from the upstream pabB genes that are either regulated by tryptophan-speci¢c T-boxes or positionally clustered with genes involved in tryptophan metabolism. Empty ovals: genes from the genomes that lack the tryptophan terminal pathway and thus should transport tryptophan from the environment. We predict tryptophan speci¢city for all but one major clades (the latter is circled by a dotted line) that contain genes with evidence for tryptophan speci¢city. gene removes TRAP from the RNA. In this way, the tryptophan-dependent regulation of the bi-functional pabA gene does not interfere with folate synthesis. Table 1 summarizes the known and predicted regulatory elements of aromatic amino acid biosynthesis from the Bacillus/Clostridium group. The DNA-dependent regulation prevails in Q-proteobacteria [11] whereas in the Bacillus/Clostridium group the major type of regulation is RNA-dependent. However, the cores of regulons in Gram-negative and Gram-positive species coincide. These include the trp operon, DAHP synthase and shikimate kinase genes, and the phhA gene. Interestingly, even the type of regulation of these genes is almost conserved: in both groups the trp operon is regulated at the RNA level (although it is additionally regulated by a DNA binding repressor in Q-proteobacteria), whereas the DAHP synthase and shikimate kinase genes are regulated at the DNA level. In contrast, group-speci¢c members of regulons, e.g. transporters yhaG, trpXYZ, mtr, tyrP, aroP, are regulated by variable mechanisms: by DNA-dependent regulation in Gram-negative genomes, and by RNA-dependent regulation in the Gram-positive group. The same pattern of regulation was observed for the phhA gene.
Shu¥ing of regulatory systems
One notable exception to this rule is provided by B. anthracis. In contrast to other bacilli that display DNA level regulation of the aroA and aroF genes, B. anthracis has acquired T-boxes upstream of both genes, and thus shifted to RNA level regulation.
So far there seem to be four types of regulation of aromatic amino acid biosynthesis in the Bacillus/Clostridium group. The most general one is the T-box-dependent transcriptional regulation, which is present in all studied species. Another type of RNA-dependent transcriptional regulation, TRAP-mediated regulation, is unique to the Bacillus group except for B. anthracis, which lacks the TRAP protein. In B. subtilis, B. halodurans, and B. stearothermophilus, TRAP regulates transcription of the trp operon, which is regulated by tryptophan-speci¢c T-boxes in all other species. The third type of regulation, PCE with consensus ACTTAAAAGCGTT, is also speci¢c to B. subtilis, B. halodurans, and B. stearothermophilus, where it appears to regulate transcription of DAHP synthase and chorismate synthase genes. In B. anthracis, the same genes are regulated by tyrosine-speci¢c T-boxes. Finally, in S. pneumoniae, S. mutans, and L. lactis, DAHP synthase and shikimate kinase genes seem to be under transcriptional regulation by ARO boxes identi¢ed in this study. The consensus of the ARO boxes is ATGGAGGCANA-TAA.
However, we could not identify the transcription factor responsible for this regulation, as no candidate sites or RNA elements were observed upstream of genes encoding proteins with potential DNA binding domains. This means that, unlike TrpR and TyrR of Q-proteobacteria, these hypothetical factors are not subject to auto-regulation.
